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Summary
Objectives: The number of emerging and re-emerging infectious diseases is increasing. As such,
understanding the fundamental ecology of infectious disease is critical. Short-lived highly fecund
amplification hosts are implicated to influence disease prevalence, but few empirical examples
exist. We examined the relationship between mouse (Mus musculus) abundance and Ross River
virus (RRV) incidence in northwest Victoria, Australia.
Methods: We determined a biologically plausible distribution overlap of M. musculus, humans,
and vector mosquitoes in our study region. We comparedM. musculus abundance with human RRV
notifications seasonally between 1997 and 2000.
Results: Trends in M. musculus and RRV were similar during summer, autumn, and summer plus
autumn, but unrelated during winter, spring, and winter plus spring, coinciding with the seasonal
abundance and relative absence of the vector, Culex annulirostris.
Conclusions: Our results demonstrate a plausible association between M. musculus and RRV
incidence, suggesting that short-lived highly fecund amplification hosts may profoundly influence
disease transmission. Our results are supported by theoretical studies and empirical evidence from
other systems. Further research is warranted to establish a causal relationship between amplifica-
tion hosts and RRV, and in other infectious disease systems. Implications for the management of
infectious disease may exist.
# 2008 International Society for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.Introduction
In an era of emerging and re-emerging infectious diseases, it
has become increasingly important to gain a fundamental
understanding of the ecology of infectious diseases to help* Corresponding author. Tel.: +61 8 6488 2976; fax: +61 8 6488 1040.
E-mail address: carves01@student.uwa.edu.au (S. Carver).
1201-9712/$32.00 # 2008 International Society for Infectious Diseases.
doi:10.1016/j.ijid.2008.02.008devise successful and sustainable public health interventions.
Although much research has focused on the abiotic environ-
mental determinants of disease incidence and prevalence,1—3
particularly forvector-bornediseases,4—6 ourunderstandingof
the potential role of amplification hosts and other biotic
factors is less developed. The importance of an understanding
of amplification hosts has recently been highlighted by
attempts to predict Lyme disease (a tick-borne bacterial dis-
ease, Borrelia burgdorferi) incidence in the northeasternPublished by Elsevier Ltd. All rights reserved.
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highly fecund hosts (the white footed mouse, Peromyscus
leucopus) in diseasemaintenance and amplification. Modeling
by Glass8 also predicts the importance of short-lived highly
fecund hosts in other vector-borne diseases, such as the
Australian arbovirus Ross River virus (RRV). However, to date
the role of such hosts has received insufficient research and
empirical attention. Ross River virus is the most common
vector-borne disease in Australia.9 This virus is a naturally
occurring zoonotic pathogen, which cycles between mosqui-
toes (such asCulex annulirostris) and vertebrate hosts, includ-
ing macropods and humans.9 To examine the potential role of
short-lived highly fecund hosts in RRV disease amplification,
we compared house mouse (Mus musculus) abundance in
northwest Victoria (the Mallee region), Australia, with notifi-
cations of human RRV cases.
C. annulirostris is a freshwater breeding mosquito, occurs
broadly across the Mallee and is an established primary
vector of RRV in this region.10—12 M. musculus populations
fluctuate between years, and periodic occurrences of rapid
population growth (plagues) occur throughout the Mallee
region in Victoria.13—15 It is generally accepted that vector
contact rates with hosts, such asM.musculus, are an increas-
ing non-linear function of host population size.16 Host popu-
lation size is also widely acknowledged to influence disease
transmission rate.16 As such, comparisons between human
RRV incidence and M. musculus population fluctuations are
useful as preliminary investigations of how short-lived highly
fecund hosts may influence disease transmission. We
acknowledge that other potential hosts of RRV also occur
in the Mallee region and contribute to RRV transmission (such
as macropods9). However it is unlikely that any other host
would exhibit such rapid and extreme fluctuations in repro-
ductive rates and population size asM. musculus. If modeling
predictions are correct, that short-lived highly fecund hosts
have profound influences upon disease transmission,8 then
empirical relationships between M. musculus abundance and
disease incidence are likely to be observed.
The net effect of short life spans and high fecundity of hosts
is a greater potential for pathogen transmission/amplification.
High fecundity means that non-immune (susceptible) indivi-
duals accumulate rapidly in a population, consequently a
greater proportion of contacts between infectious vectors
and hosts will lead to transmission.16 Likewise, short-lived
hosts also promote successful transmission events because
individuals that have a greater probability of being immune,
older hosts, are frequently removed from the population
through mortality.16 In this study we explore the relationship
between housemice as amplification hosts of arboviral disease
and human notifications of RRV in theMallee region of Victoria,
Australia. We discuss the potential causality of this relation-
ship, propose future research to investigate M. musculus as
amplification hosts of RRV, and consider alternative manage-
ment of RRV if a causal relationship is established.
Materials and methods
Taxonomy
House mice that presently occur in Australia are believed to
comprise a single species (introduced from Western Europe),although a thorough taxonomic investigation has not been
undertaken. Some conjecture of the taxonomy of house mice
in studies involving mice in Australia exists. For example,
Singleton et al.13 refer to house mice as Mus domesticus,
whereas Davis et al.17 refer to house mice from the same
region as Mus musculus. The taxonomy used here depends on
whether authors refer to house mice as either M. musculus
sub-species domesticus or elevate the sub-species to specific
level. Further, literature from RRV research refers to wild
house mice as M. musculus.18—20 We have chosen to refer to
house mice in this study as M. musculus because: the sub-
specific or specific status domesticus appears unresolved, for
ease of comparison between the literature on mice in the
Mallee and RRV, and because only a single species of house
mice is believed to occur in Australia.Geographic information on mice, humans, and
mosquitoes in the Mallee
For this study we used an abundance index of M. musculus
from the Mallee region (occurring in the northwest of Vic-
toria, Australia).13 The data on M. musculus was collected
seasonally at Symes Farm, 10 km south of Walpeup (358 080 S,
1428 020 E), reported by Singleton et al.,13 and is indicative of
patterns in M. musculus abundance in the cereal growing
areas in a 100—200 km radius of Walpeup.13—15 House mice
are widespread across Australia and inhabit a wide variety of
habitats from the wettest to the driest areas, but tend to be
associated with drainage lines in the landscape.21 While
there is little information on the distribution and temporal
patterns of abundance of M. musculus in rural towns in the
Mallee, abundant information exists on house mouse popula-
tions in the immediately surrounding wheat growing areas
and human residence on farms.13,17,22—25 House mice princi-
pally inhabit low heterogeneous vegetation, such as grass-
lands, cereal crops, sedgelands, and fence lines between
crops and paddocks.21—23,25 Home ranges vary between sexes
and throughout the season, but have been recorded up to 8
hectares.26 M. musculus populations fluctuate between
years, and periodic occurrences of rapid population growth
(plagues) occur throughout the Mallee region in Victoria.13,14
At high densities and during plagues (typically summer and
autumn), M. musculus become opportunistic in their micro-
habitat use, invading and seeking shelter in surrounding
habitats, including man-made structures.
Ross River virus data are notifications obtained from the
Communicable Diseases Section of the Victorian Department
of Health. Human RRV notifications that we compared against
the abundance of house mice were obtained from primary
exposure postcodes in the wheat growing regional areas of
the Mallee in an approximate radius of 80 km surrounding
Walpeup (these postcodes occur within the Mildura and
Yarriamblack North Statistical Local Areas: Australian Bureau
of Statistics). We considered this geographic area to have a
robust and conservative geographical overlap with fluctua-
tions in regional mouse abundance data.13,14 Human popula-
tions in our study area tend to be clumped in rural townships,
and Russell27 reported that rural towns are most affected by
epidemics of RRV. Within our study area there are numerous
rural towns, such as Walpeup, Ouyen, Underbool, Yarto,
Wemen, and Boinka. These rural towns are bounded by cereal
Figure 1 Abundance index ofMus musculus13 and notifications
of Ross River virus (RRV) for each season from theMallee region of
Victoria, Australia, between autumn 1997 and winter 2000.
Table 1 Pearson’s correlation coefficient of Mus musculus
abundance index and human Ross River virus notifications for
individual and combinations of seasons from the Mallee region
of Victoria, Australia, between autumn 1997 and winter 2000
Season r v p
Summer 0.987 1 0.103
Autumn 0.961 2 0.039
Winter 0.366 2 0.634
Spring 0.117 2 0.883
Summer + autumn 0.869 5 0.011
Winter + spring 0.133 6 0.753
All seasons 0.849 13 <0.001
530 S. Carver et al.crop farms, in whichM.musculus plagues occur. Our principle
limitation with RRV notifications in this study is that cases are
reported by place of residence, rather than place of sus-
pected infection. We have made the assumption that work
and recreation (and RRV transmission) generally occurs
within these areas because they are geographically large.
However, it is possible that a small proportion of RRV noti-
fications are geographically misclassified, which we are
unable to control for, and this could weaken or strengthen
the associations documented in our study. This assumption
has previously been considered acceptable for studies of RRV
in the same region.10
C. annulirostris is a freshwater breeding mosquito that
occurs broadly across the Mallee region.10—12 This mosquito
is an established primary vector of RRV in this region.10—12 C.
annulirostris breeds in a variety of freshwater habitats includ-
ing natural and anthropogenic swamps, drains, temporary and
permanent pools28 and is the most abundant species in the
Mallee region comprising 51.2—99.1% of captures in light
traps.11,29,30C. annulirostris is known to feed widely on mam-
mals including M. musculus.10,11,19,31—33 On average C. annu-
lirostris are known to disperse 5 km and some individuals have
been shown to disperse at least 12 km.34,35 We considered the
geographical overlap between M. musculus, humans, and C.
annulirostris, plus the dispersal of C. annulirostris over this
distance, to easily be sufficient to enable transmission of RRV
between M. musculus, vectors, and humans.
The abundance of C. annulirostris is seasonal and this
vector is not trapped through winter and early spring (June
and September).30 However, other known and potential vec-
tors of RRV (e.g., Culex australicus, Coquillettidia linealis,
Aedes notoscriptus, Aedes sagax, Aedes vittiger, Aedes
camptorhynchus, and Aedes vigilax, with these last two
species also capable of inhabiting salt pans and brackish
water) co-occur across the Mallee region, are competent
or implicated in the transmission of RRV.12,25,27,29,34—45 These
mosquitoes can be prevalent when C. annulirostris is less
abundant, potentially contributing further to RRV transmis-
sion in the region. Additionally floodwater Aedes species are
thought to be initiating vectors of RRV in the region and can
maintain the virus by transovarial transmission.36,37 If a
relationship between M. musculus and RRV notifications
exists in winter and spring it may be due to transmission
from these alternative vectors.
Analysis
Mouse abundance and RRV notifications were compared sea-
sonally between autumn 1997 and winter 2000 because reli-
able seasonal overlap in the two available data sets existed
during this period. Mouse abundance and RRV comparisons
were made using Pearson’s correlation coefficient in SPSS
15.0 (SPSS Inc. Chicago, USA). Prior to analysis, data were
tested for normality using the Shapiro—Wilk test of normality
and non-normal data were log-transformed. Comparisons
were made individually for summer, autumn, winter, and
spring over the four-year period. Additionally, we compared
mouse abundance and RRV notifications for combined sum-
mer and autumn, when C. annulirostris were abundant, and
winter and spring, when C. annulirostris were absent or less
abundant.30 We also pooled data from all seasons to examine
the overall correlation between the two data sets.Results
Our results add to a growing body of evidence that short-lived
highly fecund hosts may have a profound influence upon
disease transmission.7,8 Our results support modeling predic-
tions8 and warrant more detailed research of how short-lived
highly fecund hosts influence the transmission of RRV. We
observed similar trends in the M. musculus abundance index
andhumanRRVnotificationsduring the studyperiod (Figure1).
We found that the summer, autumn, and summer plus autumn
abundance indices ofM.musculus had a strong linear relation-
ship with human RRV notifications (Table 1). Notably these are
the seasons when C. annulirostris is most abundant.30 This
relationship was significant for autumn and for summer plus
autumn (Table 1). However, the summer abundance of mice
was not significantly related to RRV notifications, possibly
reflecting a paucity of data for this individual season (three
seasons of reliable data overlap only: Figure 1, Table 1).
During winter, spring, and winter plus spring there was no
relationship between M. musculus abundance and RRV noti-
fications (Table 1). It seems likely that we did not find a
relationship between M. musculus and RRV notifications in
winter and spring owing to a low abundance of vector mos-
quitoes, particularly C. annulirostris, which is absent or less
abundant during these seasons.30 Therefore transmission of
RRV betweenM.musculus and humans either could not occur,
and/or other potential vectors of RRV that are abundant
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humans and M. musculus, and/or other host species may
have a more important role in the ecology of RRVat this time.
Interestingly this last point may explain why human RRV
notifications increased prior to mouse numbers in spring of
1999 and increased while M. musculus numbers decreased in
winter and spring of 2000. It is also possible that the lack of
relationship here may also be due to temperatures during
these seasons being too low for viral replication to occur.
However, notifications of RRV in both winter and spring of
1998 and 2000 suggest that this is not the case.
When all seasons are combined there is still a significant
relationship between M. musculus abundance and RRV noti-
fications (Table 1). This overall relationship should be inter-
preted with some caution, because populations of M.
musculus and C. annulirostris are both seasonally forced.
However, we believe that in this case this relationship
appears valid because mice and RRV notifications (and most
likely C. annulirostris) are significantly related between
seasons in autumn and autumn plus summer when C. annu-
lirostris are abundant (Table 1).Discussion
Weacknowledge that ‘cause and effect’ betweenM.musculus
abundance and RRV notifications is not conclusively demon-
strated in this study. It is possible that the geographic relation-
ship between mice, vectors, and humans is insufficient to
enable transmission between the two hosts. However, studies
demonstrate substantial overlaps between M. musculus, C.
annulirostris, and humans amongst habitat types (wetlands,
croplands, and human residence) broadly across our geogra-
phical study area.10,13—15,22,30,38—40 Additionally, the dispersal
distances ofC. annulirostris gives further support that contact
and transmission between mice and humans can occur across
multiple habitat types.34,35 Thesemarked overlaps in distribu-
tion consequently coincidewithRRVnotifications and, as such,
we believe a valid geographic relationship does exist.
It is also possible that theM.musculus abundances and RRV
notifications are independent and influenced by common
factors, such as favorable weather conditions for both M.
musculus reproduction14 and RRV transmission.41,42 It is pos-
sible the relationship we have demonstrated here may there-
fore not be causative. Climatic factors certainly influence the
human incidence of RRV in the Murray region (for which the
Mallee region occurs within). For example, epidemics of RRV
following summer rainfall were recorded in 1928, 1956, 1971,
1984, and 1993.10,38,43,44 However, not all outbreaks in the
Murray area follow summer rainfall.10,39 For example, epi-
demics in1980—81and1996—97 followed latewinter andearly
spring rainfall.10,39 Woodruff et al.10 found that epidemics in
semi-arid areas of the Murray (including the Mallee) could be
best predicted by high rainfall in late winter/early spring, low
maximum and high minimum temperatures in late spring, and
low numbers of rainy days in the preceding spring. Kelly-Hope
et al.45,46 found that higher than average rainfall explains 90%
of RRV outbreaks across the major human epidemic regions of
Australia. Additionally, combinations of climatic variables
could explain 88—98% of RRV outbreaks in Queensland.47
However, favorable weather conditions do not always lead
to RRV epidemics.10,48 For example, 19—20% and 1—11% ofepidemicsandnon-epidemics, respectively, predictedbyWoo-
druff et al.10 in semi-arid areas of the Murray did not occur.
Indeed, in the southwest of Western Australia, epidemic
activity of RRV does not always occur in years with above
average rainfall.48
Seasonal forcing is without question a pervasive influence
upon hosts, vectors, and RRV activity.6,9,49—52 Weather con-
ditions favorable for breeding of C. annulirostris and RRV
transmission are also favorable for M. musculus abundance
and plague formation.14,15,53,54 Temporal changes in the
abundance of M. musculus within a 100—200 km radius of
Walpeup exhibit remarkable similarity,14,15 and the seasons
whenmice aremost abundant (summer and autumn) coincide
with seasons when the transmission of RRV is greatest.10,13—
15,38 Our findings provide numerical support thatM. musculus
abundance and RRV notifications are linked because the
fluctuations in abundance and intensity of notifications in
summer and autumn are similar (Table 1). We argue that in
addition to favorable weather, RRV epidemics are most likely
regulated by the abundance and immunity of hosts.6,9,10,48,55
The role of short-lived highly fecund amplification hosts,
such asM.musculus, has received little attention as potential
contributors to the transmission of RRV. Most studies that
have considered hosts in the transmission of RRV conclude
macropods and other marsupials as the putative main verte-
brate hosts,9,18,19,55—58 which are competent hosts, but are
less fecund and respond to seasonal forcing more slowly than
M.musculus.59 In the only study that has tested wildmice as a
bloodmeal source for mosquitoes, Lindsay et al.60 found that
A. camptorhynchus (an RRV vector with similar feeding
behavior to C. annulirostris) obtained 1.4% of blood meals
from mice around coastal southwest Western Australia. This
is an area where M. musculus are not known to occur in
plagues and may be an underestimate of contact rates that
could occur between mice and vectors during M. musculus
plagues in the Mallee region. Additionally, rodents are known
to be defensive to vector contact and some studies have
shown rodents to develop viremia after eating infectious
vectors.61,62 Therefore the 1.4% of A. camptorhynchus blood-
meals that were from M. musculus, as reported by Lindsay
et al.,60 may be an underestimate of the proportion of
vectors that seek mice for bloodmeals.
Experimental infection studies of M. musculus with RRV
have previously demonstrated this species to have a medium
viremic titer and duration of 1—3 days.20 However, experi-
mental infection of adult wild M. musculus by Marshall and
Miles20 did not produce a detectible viremia, suggesting that
wildM. musculusmay not contribute to RRV transmission. But
the immune status and number of mice experimentally
infected in this study is not reported and as such the generality
of the result is difficult to determine. Additionally, Vale et al.18
and Gard et al.19 serologically tested seven and four wild M.
musculus for RRVantibodies, respectively. Vale et al.18 did not
detect RRV antibodies in any mice and Gard et al.19 found a
trace hemagglutination inhibition reaction for one M. muscu-
lus. Though the serological evidence from these studies found
no evidence of RRV infection in M. musculus, it should be
recognized that few mice were tested in both of these studies
and the relative seroprevalence in other mammal species
sampled in these studies was low. Thus it is possible that Vale
et al.18 and Gard et al.19 may have simply missed individualM.
musculus thatwerepreviously exposed toRRV.Additionally,M.
532 S. Carver et al.musculus are relatively short-lived compared to hosts like
macropods, which had higher RRV seroprevalence.18,19 There-
fore the exposure of macropods to RRVmay have been prior to
the birth of the M. musculus in these studies. Finally, the
relative abundance of M. musculus to other mammals and
contact rates with vectors is unknown, and it is unknown if
adult wildmice develop a detectible antibody response to RRV
exposure. We believe that potential exists for M. musculus
plagues to amplify local RRV transmission and consequently
influencehumandisease incidence.There isdoubt surrounding
the host competence of M. musculus and contact rates that
occur betweenM.musculus and C. annulirostris. However, we
argue that enough evidence exists between this study, other
studies on RRV,8,20,60 and examples from other vector-borne
diseases7 to implicateM.musculus and warrant more detailed
investigations.
The present study highlights a significant area of disease
ecology that warrants rigorous scientific attention. We pro-
pose the following actions are needed to determine the
amplifying influence of M. musculus on RRV transmission in
northwest Victoria: (1) extensive studies experimentally
infecting wild adult and juvenile M. musculus with RRV to
determine the competence of this species, (2) spatial map-
ping of mouse, vector, and human populations to quantify the
potential for transmission between the host species, (3) the
combination of trapping and bloodmeal analysis of vector
mosquitoes and field surveys of M. musculus during plague
and non-plague years are needed to determine what fraction
of vector bloodmeals result from mice, and how the abun-
dance of mice influences host—vector contact rates, and (4)
ecological modeling of RRV dynamics to determine if or how
plagues of M. musculus amplify RRV.
If a causal relationship between M. musculus and RRV is
confirmed through more detailed investigations, our predic-
tions about the influence of short-lived highly fecund hosts on
disease transmission may imply that there is a potential for
targeted public health interventions aimed at managing
amplification host populations and consequently arboviral
disease burden. For example, mouse control in rural areas
surrounding urban and peri-urban environments may be
equally as important as mosquito control, particularly during
plagues, but to date has never formed part of RRV control
programs in Australia. Our findings reaffirm the value of an
ecological approach to infectious disease research.
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